Nitrate supplied to legume plants inhibits the activity of nitrogenase in Rhizobium bacteroids in root nodules. The accumulation of amino N which is known to occur in Glycine max (L.) Merr. nodules as nitrogenase activity declines was studied in more detail by analysis of changes in free amino acid composition in response to high nitrate supply. A 6-fold increase in asparagine concentration in Bradyrhizobium japonicum bacteroids was found about the time of maximum nitrogenase inhibition. However, the accumulation of amino acids in soybean nodules lagged behind the inhibition of nitrogenase. the suggestion that nitrate might inhibit export of these compounds.
the suggestion that nitrate might inhibit export of these compounds.
The accumulation of amino N and ureide N was relatively small during the first few days after supplying high nitrate (11) . The differences between treated and control nodules became substantial only after the inhibition of acetylene reduction activity was near maximum and, thus, it was not clear that the accumulation of N2-fixation products was the cause of nitrogenase inhibition. Even so, it seemed desirable to determine which amino acids were accumulating in these nodules in the hope that this information would give a clearer picture of the metabolic changes caused by nitrate.
Effects of nitrate on organic acid composition of soybean nodules have been reported (14) , but more effort on this group of compounds seemed warranted because they may be major sources of reduced carbon for bacteroids (4, 13) . If the accumulation of ureides and amino acids represents an increased rate of synthesis of these compounds, the concentration of organic acids might be lowered, depriving bacteroids of an adequate supply of carbon. Because legumes may differ in their responses to nitrate (12, 15) , the effect of nitrate on organic acid and amino acid composition of Phaseolus vulgaris (L.) nodules was also investigated. Finally, the effect of high nitrate supply on organic acid and amino acid composition of Bradyrhizobium japonicum bacteroids was also determined.
MATERIALS AND METHODS
Organization of Experiments. Data reported are from three experiments, all similar in design. In all experiments, plants were grown in silica sand which was washed and autoclaved prior to use. Nutrient solutions were supplied twice daily with an automatic irrigation system and excess solution drained through a hole in the bottom of each pot. Nitrate was balanced with chloride in control nutrient solutions so that the ionic strength of all solutions was the same. Rhizobium bacteria were grown in a standard yeast extract-mannitol-gluconate liquid medium and 5-and 7-d-old cultures were used to inoculate seeds with a dose of about 10o cells/seed ( 12 After the analysis of composition of the 12 samples, significant loss or gain of a compound by bacteroids during isolation was estimated by calculating the regression of concentration on time (13) . When a significant slope was found, the true concentration of the compound was estimated by extrapolating the regression line to time zero. For the analysis of metabolites, extracts were first separated into neutral, anionic, and cationic fractions using ion-exchange Sephadex (7) . Amino acids were analyzed as the phenylthiocarbamyl derivatives which were separated on a C18 reversed-phase column (1, 13) . Organic acids were analyzed as the phenacyl esters also using a C18 reversed-phase column (5, 13) . In experiment 2, ammonium was extracted from 0.5 g samples of nodules with 10 mm HCI (10) , and extracts were analyzed with an ammonium electrode. Amino-N and nitrate-N concentrations in the crude ethanol extracts were determined by analytical methods described previously (10) .
RESULTS
In experiment 1, a decline in acetylene reduction activity was recorded after only 24 h of the high nitrate treatment (1 1). The decline continued up to d 7 when nitrate was withdrawn from nutrient solutions; after the switch to nil nitrate, acetylene reduction activity increased to near control levels (1 1). During the first few days of the high nitrate treatment, the effect of nitrate on amino N concentration in nodules was relatively small (1 1), and when individual amino acids were analyzed, there was no consistent and statistically significant effect of high nitrate on amino acid composition until d 7. During the period of maximum inhibition of nitrogenase, there was a significant positive effect of high nitrate on seven amino acids (Table I) . Aspartate showed the largest increase followed by glutamate and alanine and the changes in concentration represented increases of from 50 to 90% relative to controls ( Table I) .
The organic acid concentration of soybean nodules supplied with 15 mm nitrate was also significantly increased (Table II) . Furthermore, the effect of high nitrate on organic acids was evident much sooner, as early as 24 h after the initiation of the high nitrate treatment for citrate and fumarate. Malonate is a major organic acid in soybean nodules (14) but it was relatively unaffected by the high nitrate treatment; this is consistent with the fact that malonate is only slowly metabolized (4). Among the TCA cycle acids, succinate initially decreased slightly and malate showed no effect of high nitrate, but after the first harvest TCA acids generally showed substantial increases in response to high nitrate. These increased concentrations tended to be maintained even after the switch from 15 mm nitrate to nil nitrate (Table II) .
In experiment 2 with P. vulgaris the decline in acetylene reduction activity in response to high nitrate was again evident after only 24 h (12) . An additional decline was recorded on d 3. High nitrate was withdrawn on d 7 but acetylene reduction activity was still very low on d 10 (12). An increase in activity was found with the harvest on d 15. Unlike the response in soybean nodules, organic acid concentrations in bean nodules declined slightly in response to the high nitrate treatment (Table III) higher in treated nodules than in control nodules (Fig. 1) . The transient increase in ammonium concentration (Fig. 1) was not reflected in the amino N concentration in these nodules ( Table   IV ). Note that there was a major effect of Rhizobium strain on amino N concentration. However, high nitrate concentration did not significantly influence amino N, with the possible exception of the harvest on d 10. The overall effect of the high nitrate treatment appeared to be slightly negative (8-16%, Table IV led to the hydrolysis ofasparagine by the very active asparaginase found in soybean nodules (6, 9) (Table I) . Neither the actual concentration of other amino acids nor the proportion of these compounds in bacteroids was markedly influenced by the high nitrate treatment; an exception to this generality is the proportion of total histidine and glutamine in bacteroids, but the concentration of these two compounds was relatively small (Table V) . Arginine concentration in bacteroids declined in response to high nitrate treatment, but the proportion of total arginine in bacteroids was not significantly altered.
Although these effects of nitrate on amino acids in bacteroids were somewhat different than was found in experiment 1, the effects of high nitrate on organic acids were similar in whole nodules (Table II) and bacteroids (Table V) . Malonate may be an exception to this generality because the concentration in bacteroids increased 42% in response to high nitrate (Table V) . The concentrations of malate, succinate, and fumarate were increased by 50 to 100%. However, the proportion of these acids in bacteroids was not markedly influenced by high nitrate; that is, the increases in concentration of acid was about the same in cytosol and in bacteroids. An exception to this generality was trans-aconitate for which significant increases in both actual and proportional concentration in bacteroids were recorded. Finally, it should be noted that, with the exception of succinate, the proportional concentration of organic acids in bacteroids was much lower than the proportional concentration of amino acids. This may indicate that organic acids are rapidly consumed in bacteroids and that the relative abundance of ammonium leads to relatively high levels of amino acids. Regardless of whether this is the correct explanation, it can be noted that supplying 15 mm nitrate to nodules did not alter this difference between types of compounds.
DISCUSSION
When soybean plants were supplied with 15 mm nitrate, the decline in acetylene reduction activity of nodulated roots was accompanied by marked increases in allantoic acid and allantoin and by a lesser but significant increase in amino N (1 1). It was suggested that this accumulation of N2 fixation products might signal an interference of nitrate with export of these compounds from nodules and that the accumulation of compounds might even be the cause of the decline in nitrogenase activity. In one of the experiments reported here, asparagine appeared to be the major amino acid accumulating and, in fact, the concentration in bacteroids was 6-fold higher after an 8-d treatment with high nitrate (Table V) . In another experiment, significant increases in other amino acids were found ( Table I ), so that a specific effect of nitrate on asparagine accumulation is not clearly indicated.
In spite of the marked increase in asparagine concentration in bacteroids in response to high nitrate, it seems unlikely that the accumulation of fixation products is a cause of nitrogenase loss for two reasons. In the first place, the accumulation occurs after the decline in acetylene reduction activity has begun. In the analysis of individual amino acids reported here, a clear effect was not noted until the harvest on d 7. Second, results from an experiment with a different legume, Phaseolus vulgaris, indicated (15) . However, the organization and operation of the two symbiotic systems have many more similarities than differences. My interpretation of the difference between bean nodules and soybean nodules in the accumulation ofamino N and ureide N is that this indicates that the accumulations in soybean are probably unrelated to the mechanism of nitrogenase inhibition by nitrate.
Data reported here also relate to another possible mechanism of nitrogenase inhibition by nitrate. Namely, the requirement for reducing equivalents in the assimilation of nitrate may lessen the availability of carbon substrates for bacteroids. Organic acids were analyzed in these experiments because these compounds are thought to be major sources of reducing equivalents for bacteroids (4, 13) . Small declines on the order of 10% were found by TCA cycle acids in bean nodules supplied with high nitrate (Table III) . However, the second legume, soybean, again showed a different response to high nitrate with large increases in TCA cycle acids (Table II) . These effects on organic acids in soybean nodules were convincing in that they were evident soon after the onset ofthe high nitrate treatment and were maintained throughout the sampling period. There are reports that, for the first few days after the initial inhibition of nodule acetylene reduction activity by high nitrate, bacteroids isolated from these nodules have acetylene reduction activity which is not impaired (3, 8) . One possible interpretation of this result is that, even in the presence of sufficient substrate in nodules, nitrate might somehow restrict the uptake of reduced carbon by bacteroids. Data reported here indicate, however, that organic acid concentration in B. japonicum bacteroids was increased in nodules supplied with high nitrate (Table V) . Caution should be used in interpretation of this result because the positive effect of nitrate on organic acid concentration in bacteroids was based on a single sampling time 8 d after the onset of the high nitrate treatment. A series of samples obtained at shorter times after nitrate treatment would be more pertinent.
The results reported here relate in a positive way to an earlier report by Houwaard on the effects of ammonium on acetylene reduction activity ofpea nodules (2) . He found that when nodules were incubated in solution containing >10 mM NH4Cl (KCl control), acetylene reduction activity was inhibited, and furthermore, the negative effect could be largely eliminated by the addition of methionine sulfoximine, an inhibitor of glutamine synthetase (2) . No direct effect of glutamine or glutamate on the acetylene reduction activity of nodules was noted. One interpretation of these results is that, although amino acids were not readily transferred through the nodule cortex to the infected cells, ammonium was transported into infected cells. Because methionine sulfoximine alleviated the negative effect of ammonium, it would appear that glutamine synthesis is required for the inhibition to occur and that glutamine might be the inhibitory molecule. Ammonium accumulation is one of the more rapid responses to high nitrate that has been measured (Fig. 1) . In the analysis of B. japonicum bacteroids, glutamine concentration was quite low, but there was an increase in response to high nitrate treatment and the proportional concentration of glutamine in bacteroids doubled (Table V) . These data in Table V (13) should make it possible to explore this possibility in greater detail.
